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Abstract. In order to be able to flexibly adjust a company’s business
processes (BPs) there is an increasing interest in flexible Process-Aware
Information Systems (PAISs). This increasing flexibility, however, typ-
ically implies decreased user guidance by the PAIS and thus poses ad-
ditional challenges to its users. This work proposes a recommendation
system which assists users during process execution to optimize perfor-
mance goals of the processes. The recommendation system is based on a
constraint-based approach for planning and scheduling the BP activities
and considers both the control-flow and the resource perspective.
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1 Introduction
Nowadays, ﬂexible Process-Aware Information Systems (PAISs) are required to
allow companies to rapidly adjust their business processes (BPs) to changes in
the environment [10]. The speciﬁcation of process properties in a declarative
way is an important step towards the ﬂexible management of PAISs [3]. Due
to their ﬂexible nature, frequently several ways to execute declarative process
models exist. Typically, given a certain partial trace (reﬂecting the current state
of the process instances), users can choose from several enabled activities (i.e.,
activities whose execution does not violate any constraint or only lead to tempo-
rary violations [6]) which activity to execute next. This selection, however, can
be quite challenging since performance goals of the process (e.g., minimization
of overall completion time) should be considered, and users often do not have
an understanding of the overall process. Moreover, optimization of performance
goals requires that resource capacities are considered. Therefore, recommenda-
tion support is needed during BP execution, especially for inexperienced users.
The need for user assistance during the execution of declarative BPs has been
picked up in previous work [9,5]. Existing proposals, however, only consider the
control-ﬂow perspective for obtaining recommendations, but not resources.
In order to address this gap and to support users of ﬂexible PAISs during
process execution in optimizing performance goals like minimizing the overall
completion time (i.e., time needed to complete all process instances which were
planned for a certain period), we propose the generation of optimized enact-
ment plans. For this, activities to be executed have to be selected and ordered
(planning problem [4]) considering both control-ﬂow and resource constraints
(scheduling problem [2]) imposed by the declarative speciﬁcation.
For planning and scheduling (P&S) the activities in a way that the process
goal is optimized, a constraint-based approach is proposed since constraint pro-
gramming [7] supplies a suitable framework for modeling and solving problems
involving P&S [8]. For this, the declarative model is complemented with informa-
tion related to estimates regarding the number of instances, activity durations,
and resource availabilities. Recommendations on possible next steps are then
generated considering the partial trace and the optimized plans. Replanning is
supported if actual traces deviate from the optimized plans (e.g., because esti-
mates turned out to be inaccurate).
This paper is organized as follows: Section 2 includes an overview of our
proposal, Section 3 shows the application of the proposed approach to a running
example, and ﬁnally, Section 4 includes conclusions and future work.
2 Method for Generating Recommendations
To optimize the overall process performance goals, users of ﬂexible PAISs are
supported during BP execution through recommendations. A recommendation is
composed by one or more enabled activities (i.e., activities which are allowed to
be executed given a declarative process model and a partial trace) to be executed
next, together with their resource allocations. Our proposal is based on applying
optimization techniques during both build and run-time (cf. Fig. 1).
Build-time. The build-time phase focusses on the generation of optimized en-
actment plans from declarative BP speciﬁcations by P&S the activities.
(1) Create Declarative Specification. In a ﬁrst step, a declarative speciﬁca-
tion covering both the control-ﬂow and the resource perspective of the BP to
be supported is created. We use ConDec [6,11], a declarative language which
proposes an open set of constraints for the high-level templates between BP
activities (i.e., existence, relation and negation constraints).
(2) Extend Declarative Specification. In order to P&S the BP activities, the
declarative speciﬁcation is extended by considering the estimated values for:
(i) the duration of the BP activities, (ii) the number of instances executed
per planning period, and (iii) resource availabilities.
(3) Generate Optimized Enactment Plans. Optimized enactment plans are
generated by applying AI techniques for P&S the BP activities, considering
the extended declarative speciﬁcation. In this work, CP is selected for the
generation of the optimized plans since it supplies a suitable framework for
modeling and solving problems involving P&S [8] (for details see [1]).
The generated plans contain information about the number of times each BP ac-
tivity is executed, the start and the completion times for each activity execution,
and the resource which is used for each activity execution.
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Fig. 1. Overview of our proposal
Since the generation of optimized plans presents NP-complexity, it is not pos-
sible to ensure the optimality of the generated plans for all cases. The developed
constraint-based approach [1], however, allows solving the considered problems
in an eﬃcient way. Despite the NP-complexity of the considered problems, a ﬁrst
feasible solution can be swiftly found by a greedy algorithm.
Run-time. The plans generated in build-time are then used for giving recom-
mendations at run-time. At run-time, process instances are executed by autho-
rized users (a in Fig. 1). At any point during the execution of a process instance,
the user can select from the set of enabled activities what to do next. However,
to guide the user to optimize the overall process goals, recommendations are
provided by the recommendation service (b in Fig. 1), i.e., proposing the most
suitable activity to execute next1. For this, the recommendation service consid-
ers the current partial traces of the process instances (c in Fig. 1) and the best
available enactment plan (d in Fig. 1) meeting the constraints imposed by the
declarative speciﬁcation (e in Fig. 1).
As execution proceeds, the enactment of the BP and the resource availabili-
ties are monitored (f in Fig. 1). In particular, information regarding start and
completion times of the executed activities, together with the resource avail-
abilities are stored in the event log (g in Fig. 1). This information is analyzed
by the Replanning Module (h in Fig. 1) together with the optimized plans (i
in Fig. 1) to check if plan updates are required due to unexpected events. The
1 For the current work, the durations of the recommendation request and the response
time are considered negligible compared to the duration of the process activities.
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Fig. 2. Build-time for the Running Example
Replanning Module is in charge of updating the optimized plans (j in Fig. 1)
in two situations: (1) there are some deviations, i.e., the execution trace is not
part of one of the optimized plans (e.g., the user is not always following the rec-
ommendations) or estimates are incorrect; and (2) the Replanning Module ﬁnds
a solution which is better than the current optimized plans, since this module
is continuously searching for a better plan by considering the event log during
BP execution, provided that the current plan is not optimal. If plan updates
are required, the Replanning Module needs to access the extended declarative
speciﬁcation (k in Fig. 1) to generate new optimized plans. In general, despite
the NP-complexity of the considered problems, replanning is less time consum-
ing than initial planning, since most of the information about previous generated
plans can usually be reused, and CSP variable values become known as execution
proceeds.
3 A Running Example
In this section, our approach is used for giving recommendations during a hy-
pothetical execution of a running example. Figure 3 shows the build-time phase
for the example. The declarative speciﬁcation includes 5 activities, A, B, C, D
and E, and the following relations (ConDec templates [11]) between the activi-
ties (Fig. 2(1)): Exactly 1(A), i.e., activity A must be executed exactly once;
Succession(A, B), i.e., to execute activity B, activity A needs to be exe-
cuted before, and activity A must eventually be followed by activity B; Chain
Response(B, C), i.e, immediately after the execution of B, C must be exe-
cuted; Response(A, D), i.e, eventually after the execution of A, D must be
executed; and Succession(D, E), i.e., to execute activity E, activity D needs
to be executed before, and activity D must eventually be followed by activity
E. For the considered example, resources of two kinds of roles, R0 and R1, are
considered. For each BP activity (Fig. 2(1)), a role is deﬁned. In a next step,
the declarative speciﬁcation is extended with estimates (Fig. 2(2)). Lastly, the
constraint-based approach is applied to generate optimized enactment plans for
the speciﬁed problem (Fig. 2(3)). Hereby, label RIj represents the j-th resource
with role i, and label Actk represents the k-th execution of activity Act.
Figure 3 shows the behavior of the recommendation service when two hypo-
thetical instances with given traces are executed for the declarative speciﬁcation.
At the beginning of the execution, plan P1 (which has already been generated
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Fig. 3. Run-time for the Running Example
during build-time) is considered for the recommendations. The optimized plan
P1 has been created for two process instances. Initially, the partial trace for both
instances I1 and I2 is empty (column Partial Trace, where completed events for
activity executions are depicted). Furthermore, activities A, C and D of both
instances are enabled (reﬂected by white bars), whereas activities B and E are
not enabled (reﬂected by black bars). Activities B1 and B2 are not enabled since
A must be executed before executing B (Succession(A, B)). Similarly, ac-
tivities E1 and E2 are not enabled since the execution of E requires a previous
execution of D (Succession(D, E)). Considering plan P1, starting execution
of activity A1 using resource R00 is suggested. The user follows the recommen-
dation. Due to Exactly 1(A), A1 is not enabled anymore. At time 1, A1 is
completed, hence activity B1 becomes enabled, and the partial trace of instance
I1 contains A1. Furthermore, an unexpected event occurs (i.e., resource R10 be-
came unavailable), hence plan P1 is no longer valid, and the replanning module
generates plan P2. At time 1, based on plan P2, starting execution of activity A2
using resource R00 and B1 using resource R11 is suggested. The user follows the
recommendation. Due to Exactly 1(A), A2 is not enabled anymore. At time
2, A2 is completed, hence activity B2 becomes enabled. At time 9, B1 is com-
pleted, and starting execution of activity C1 using resource R00 and D1 using
resource R11 is suggested. The user follows the recommendation. At time 14, C1
is completed two time units later than expected. Even with the occurrence of this
unexpected event, plan P2 is still valid due to the slack time between activity C1
and activity E1. At time 15, D1 is completed, and activity E1 becomes enabled.
Starting execution of activity E1 using resource R00 and B2 using resource R11
is suggested. The user partially follows the recommendation, so that, instead of
executing B2 she starts D2. After this unexpected decision, plan P2 becomes
invalid, and the replanning module generates plan P3. From now on, the BP
execution proceeds without deviations.
4 Conclusion and Future Work
We propose a recommendation system for giving users assistance during process
execution in ﬂexible PAISs to optimize performance goals of the processes (i.e.,
minimization of overall completion time). The recommendation system is based
on a constraint-based approach, which is used for P&S the activities such that
the process goal is optimized. In the proposed approach, both control-ﬂow and
resources are considered. Furthermore, the optimized enactment plans are up-
dated by replanning techniques when necessary. As for future work, it is intended
to extend the proposed approach by considering further objective functions.
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